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ABSTRACT  (continued) 


The  two  main  differences  between  the  deposition  under  flow  and  static 
conditions  are  rates  of  deposition  and  characteristics  of  deposits.  While  the 
rate  under  flow  conditions  is  considerably  higher  than  under  static  conditions, 
the  deposits  in  the  flow  reactor  are  intact  and  less  porous  than  those  prepared 
in  the  static  reactor.  This  is  attributed  essentially  to  the  presence  of 
hydrogen  in  the  static  reactor  which  lowers  the  rates  of  deposition,  prevents  the 
growth  of  intermediate  species  to  large  planar  molecules,  and  attacks  the  carbon 
deposits . 


Since  the  efficiency  of  deposition  in  the  static  reactor  is  poor,  and  the 
deposits  are  porous,  the  deposition  under  flow  conditions  is  more  favorable.  The 
order  of  reaction,  with  respect  to  the  partial  pressure  of  methane  in  the  flow, 
is  close  to  unity.  The  deposition  rates  are  proportional  to  the  starting  surface 
area  of  the  carbon  substrate  with  the  rates  on  ungraphitized  being  higher  than  on 
graphitized  carbons.  This  is  attributed  to  the  presence  of  metallic  impurities 
with  ungraphitized  carbons  which  may  catalyze  the  deposition  reaction. 

In  addition  to  the  experimental  parameters  and  the  type  of  reactor  used, 
the  nature  and  type  of  substrate  are  also  other  important  parameters  that  should 
be  considered  while  preparing  carbon-carbon  composites.  On  a  small  surface  area 
material,  as  is  the  case  with  most  carbon  fibers  and  fabrics,  the  reaction  starts 
in  the  gas  phase  and  the  rate-determining  step  is  the  cleavage  of  the  C-H  bonds 
of  the  hydrocarbon  molecules.  The  intermediate  species  formed  in  the  gas  phase 
grows  larger  while  depositing  on  the  substrate.  Increasing  the  flow  rate  of 
hydrocarbon  during  the  reaction  decreases  the  deposition  rate  and  reduces  the 
amount  of  deposit.  By  contrast,  for  carbon  substrates  having  a  large  surface 
area  (e.g. 55-60  m^/g) ,  the  rate-determining  step  is  the  collision  between 
hydrocarbon  molecules  and  the  surface  with  concurrent  deposition  of  pyrolytic 
carbon.  In  this  case,  the  deposition  rate  and  the  amount  of  deposit  increase 
with  increasing  the  flow  rate  of  the  gas  above  the  substrate. 
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SUMMARY 


Deposition  of  pyrolytic  carbon  during  methane  cracking  on  the  surface  of  several 
carbon  substrates,  including  carbon  fibers,  was  studied  at  1000-1 100  C  using  two  main 
systems:  a  static  reactor  operating  at  subambient  pressures  and  a  flow  reactor  operating  at 
atmospheric  pressure.  The  experimental  parameters  that  affect  the  deposition  rates  and 
hence  can  alter  the  mechanism  are  tenqperature  of  substrate,  type  of  reactor  used,  total  and 
partial  pressure  of  methane  in  the  static  reactor,  partial  pressure  of  methane  in  the  flow 
reactor,  flow  rate  of  hydrocarbon  above  substrate,  presence  of  hydrogen  in  the  deposition 
medium,  and  the  type  of  substrate  as  well  as  its  surface  area. 

Under  otherwise  similar  experimental  conditions,  the  two  main  differences  between 
the  deposition  under  flow  and  static  conditions  are  deposition  rates  and  characteristics  of 
deposits.  While  the  rates  under  flow  conditions  are  as  much  as  five  times  higher  than 
ui^er  static  conditions,  the  deposits  in  the  flow  reactor  are  intact  and  less  porous  than  those 
prepared  in  the  static  reactor.  This  is  attributed  essentially  to  the  presence  of  hydrogen  in 
the  static  reactor  which  acts  as  an  inhibitor  for  the  deposition  reaction;  it  lowers  the  rates  of 
deposition,  prevents  the  growth  of  intermedi^e  species  to  large  planar  molecules,  and 
attacks  the  carbon  deposits. 

In  the  static  reactor  the  efficiency  of  deposition  is  poor.  As  the  starting  partial 
pressure  of  methane,  or  total  pressure  of  the  system  increases,  the  deposition  rates  are 
lowered  and  the  efficiency  is  reduced  even  more. 

On  the  other  hand,  the  deposition  under  flow  conditions  is  perh£q)s  more  favorable 
because  the  order  of  reaction,  with  respect  to  the  partial  pressure  of  methane  in  the  flow,  is 
close  to  unity.  The  deposition  rates  are  proportional  to  the  starting  surface  area  of  the 
carbon  substrate  and  the  rates  on  ungraphitized  are  higher  than  on  graphitized  carbons. 
This  is  attributed  to  the  presence  of  metallic  impurities  with  ungrt^hitiz^  carbons  which 
may  catalyze  the  deposition  reaction  and  also  to  the  difference  in  structure  between  both 
categories  of  materials.  The  crystallites  in  gn^hitic  materials  are  larger  and  more  ordered 
than  in  ungrajdiitized  carbons. 

Although  the  experimental  parameters  and  the  type  of  reactor  play  a  major  role 
towards  deflning  the  mechanism  of  deposition,  the  nature  and  type  of  substrate  are  also 
important  parameters.  On  a  small  surface  area  material,  as  is  the  case  with  carbon  flbers 
and  fabrics,  the  reaction  starts  in  the  gas  phase  and  the  rate-determining  step  is  the  cleavage 
of  the  C-H  bonds  of  the  hydrocarbon  (activation  energy  -1(X)  kcalAnole).  The  intermediate 
species  formed  in  the  gas  phase  would  grow  larger  while  depositing  on  the  substrate. 
Increasing  the  flow  rate  of  hydrocarbon  during  the  reaction  decreases  the  deposition  rate 
and  reduces  the  amount  of  deirasit.  On  the  other  hand,  for  carbon  substrates  having  a  large 
surface  area  (e.g.55-60  m^/g),  the  rate  -  determining  step  is  the  collision  between 
hydrocarbon  molecules  and  the  surface  with  concurrent  deposition  of  pyrolytic  carbon.  In 
this  case,  the  deposition  rate  and  the  amount  of  deposit  irKrease  with  increasing  flow  rate  of 
the  gas  above  the  substrate. 

The  results  presented  in  this  report  were  also  used  to  propose  a  model  describing 
the  orientation  of  crystallites  in  the  graphitized  pitch  VSB-32  fiber,  and  to  propose  two 
mechanisms  for  the  chemical  vapor  deposition  of  pyrolytic  carbon  on  the  fiber.  The  outer 
crystallites  are  oriented  in  die  circumferential  direction,  but  the  inner  ones  are  oriented  in  the 
radial  direction.  Naturally  between  these  two  extremes,  there  is  a  region  where  the 
crystallites  are  randomly  oriented. 
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INTRODUCTION 


Carbon  fiber  reinforced  carbon  composites  (C-C  composites)  are  the  state-of-the-art 
materials  for  numerous  aerospace  applications  requiring  high  strength  and  modulus,  light 
weight,  and  wear  resistance.  A  C-C  composite  has  normally  two  main  components:  a 
car^n  fiber  and  a  matrix.  While  the  fiber  imparts  strength  to  the  composite,  the  matrix 
holds  the  fiber  bundles  together.  There  are  at  least  three  major  industrial  methods  for 
fabricating  carbon  composites:  coal  or  petroleum  tar  in^regnation,  resin  iiTq>iegnation,  and 
chemical  vjpor  deposition  (CVD). 

With  the  Hrst  two  processes,  the  fiber  is  normally  in^regnated  with  a  matrix  under 
given  manufacturing  conations  of  temperature,  pressure,  and  residence  time.  If  the  end 
product  has  low  density,  which  means  that  the  composite  is  highly  porous,  it  undergoes 
successive  densification  cycles.  To  densify  a  composite  and  achieve  the  desired  density, 
the  composite  is  either  subjected  to  successive  impregnation,  carbonization  and  high 
temperature  graphitization  cycles,  or  it  is  exposed  to  a  hydrocarbon  gas  under  conditions 
that  permit  the  (^position  of  pyrolytic  carbon  inside  the  pores  (infiltration). 

C-C  composites  can  also  be  prepared  directly  by  the  CVD  process  where  pyrolytic 
carbon  is  deposited  from  the  gas  phase  on  a  fiber  substrate.  In  other  words,  a  caiiKrn  fiber 
or  fabric  is  first  woven  to  yield  a  preform  which  is  then  exposed,  under  certain 
experimental  conditions,  to  a  hydrocarbon  gas  (or  a  mixture  of  a  hy^ocarbon  and  an  inert 
gas)  until  the  desired  properties  are  reached.  This  process  is  simple  and  clean  when 
compared  to  resin  or  coal-tar  impregnation.  However,  although  a  considerable  amount  of 
research  has  been  reported  in  the  literature  on  the  first  two  processes,  little  attention  was 
given  to  the  CVD  process  on  carbon  fibers  and  fabrics.  The  overall  objective  of  the  present 
work  is  to  understand  the  mechanism(s)  of  deposition  of  pyrolytic  carbon  on  different 
carbon  substrates.  The  specific  objectives  arc: 

1 .  To  elucidate  how  the  experimental  parameters  (temperature,  pressure,  gas  flow 
rate,  and  gas  composition)  can  affect  the  deposition  rates  and  possibly  alter  the 
deposition  mechanism. 

2.  To  investigate  the  differences  between  the  mechanism  of  deposition  under  static 
and  flow  conditions. 

3 .  To  examine  how  the  substrates  may  affect  the  properties  of  the  end  products 
such  as  their  porosity,  surface  area,  and  morphology. 

4.  To  examine  how  the  starting  properties  of  carbon  substrates  can  influence  the 
deposition  mechanism 

5 .  To  determine  whether  pyrolytic  carbon  deposits  primarily  on  active  or  total 
surface  area  of  substrates. 

4.  To  propose,  based  on  the  generated  data,  the  possible  mechanisms  associated 
with  the  CVD  reaction  on  different  carbon  substrates. 
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EXPERIMENTAL 


Two  major  experimental  setups  were  used  in  the  present  study:  a  static  reactor 
operating  at  subambient  pressures,  and  a  thermogravimetric  analyzer  (TGA)  operating  at 
ambient  pressure  under  flow  conditions.  For  surface  area  determinations,  two  automated 
Digisoib  Instruments,  2500  and  2600,  were  used. 

Deposition  Apparatus-Static  Reactor 

Fig.  1  illustrates  a  schematic  diagram  of  the  entire  system  connected  to  the  static 
reactor,  llie  main  components  of  the  system  are  (1)  a  quartz  reactor  holding  the  sample 
placed  in  a  quartz  boat,  (2)  an  induction  furnace  that  can  be  heated  to  1 100  C,  (3)  a  furnace 
controller,  (4)  a  gas  reservoir  holding  the  hydrocarbon  gas  (methane),  (5)  several  pumps 
used  to  evacuate  the  sample  prior  to  the  deposition  reaction,  (6)  a  mass-spectrometer 
connected  to  system  manifold  via  a  variable  le^  valve,  and  (7)  a  ^nith  computer  to  ccmtrol 
the  operation,  to  save  the  data  on  diskettes,  and  to  perform  the  required  computations  and 
analysis. 


ROTARY  VAC  ION 


Figure  1.  Static  Reactor  Used  f'^r  CVD  Studies. 
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The  procedure  adopted  for  these  experiments  may  be  summarised  as  follows.  A 
known  weight  of  a  carbon  substrate  (carbon  fiber  or  black)  was  placed  u»  the  quartz  boat, 
evacuated  for  2  h  at  1000  C  to  10'^  Torr,  and  finally  exposed  to  one  dose  of  methane  at  a 
starting  pressure  in  the  range  of  1  -  200  Torr.  As  the  reaction  proceeded,  mainly  CH4 
yielding  2H2  +  C,  the  pressure  of  the  system  increased  and  the  concentration  of  methane 
decreased  while  that  of  hydrogen  increased.  Variation  in  gas  concentration  and  system 
pressme  was  monitored  for  15  h  using  the  mass-spectrometer.  After  terminating  a  ;un  and 
cooling  to  room  temperature,  the  sample  (carbon  substrate  with  pyrolytic  carbon  deposits) 
and  boat  were  weighed,  and  the  amount  of  carbon  deposited  on  each  was  calculated. 
"Blank"  mns  were  also  performed  in  the  system  where  the  empty  boat  was  exposed  to 
methane  under  conditions  (pressure,  temperat.  re,  and  residence  time)  identical  to  those 
used  in  presence  of  carbon  substrates.  The  amount  of  pyrolytic  carbon  deposit  on  the 
"bare"  boat  was  then  obtained. 

Flow  Reactors 

For  the  experiments  performed  under  flow  conditions  at  ambient  atmosphere,  two 
experimental  setups  were  used;  a  thermogravimetric  analyzer  (TGA)  for  measuring 
deposition  rates  on  a  few  milligram  sample,  and  a  large  quartz  reactor  for  preparing  sizeable 
composites  that  could  be  Either  examined  and  characterized.  With  the  TGA,  a 
computerized  Cahn-113  system  (Fig.  2),  a  small  sample  (5-40mg)  was  suspended  on  the 
electrobalance,  evacuated  at  room  temperature  to  10~^  Torr,  flushed  with  ultrahigh  purity 
nitrogen  or  argon  to  ambient  pressure,  heated  to  1080  C  under  N2.  cooled  to  a  designated 
eVD  temperature  in  the  range  of  1000-1080  C,  and  finally  exposed  to  a  flowing  mixture  of 
methane  and  argon  at  150  cc/min.  The  percent  of  methane  in  the  mixture  was  2.7, 1 1 . 1 ,  or 
16.2%.  The  increase  in  sample  weight  due  to  the  deposition  was  recorded.  Blank  runs 
were  also  executed  on  an  empty  sample  container  giving,  in  most  cases,  insignificant 
amounts  of  deposit. 

The  other  large  reactor,which  was  operating  under  conditions  simulating  those  of 
the  TGA  system,  is  shown  in  Fig.  3.  Based  on  the  results  obtained  with  the  TGA  system, 
the  operating  parameters  were  chosen  to  prepare  selected  C-C  composite  samples.  A 
known  weight  of  the  substrate  (2-3  g)  was  placed  in  the  reactor,  evacuated,  flushed  with  an 
inert  gas  (Ar  or  N2),  and  heated  to  a  designated  temperature  (1000-1050  C).  After  holding 
the  sample  at  the  isothermal  temperature  for  30  minutes,  a  mixture  of  10%  methane  in 
argon  was  flowed  over  the  sample  at  150  cc/min  for  a  desired  length  of  time  or  until  the 
projected  amount  of  carbon  deposit  was  reached.  The  reactor  was  then  cooled  to  room 
temperature  under  a  flow  of  the  inert  gas,  and  the  sample  was  puUed  out  for  further  testing. 

Nitrogen  and  Krypton  BET  Surface  Areas  and  Porosity 

Two  Digisorb  instruments  2500  and  2600,  manufactured  by  the  Micromeritics  Co. 
(Norcross,  Georgia),  were  used  to  determine  the  BET  areas  and  to  obtain  the 
adsoiption/desorption  isotherms  required  for  pore  size  distribution  analysis.  The  operation 
of  this  equipment  is  fully  automated  via  computers.  For  all  surface  area  determinations,  a 
standard  sample,  SP-1  Graphite  (BET  area  =  2.00  m^/g),  was  used  to  confum  the  validity 
of  the  data  obtained  on  the  unknown  samples. 

After  a  samrle  was  pioperly  outgassed  at  150  C,  it  was  cooled,  then  immersed  in  a 
liquid  nitrogen  bath  (-196  C).  A  small  dose  of  N2  (or  Kr)  was  admitted  into  the  system. 
When  an  equilibration  was  attained,  the  equilibrium  pressure,  P,  was  noted,  and  the 
volume  of  gas,  V  (cc/g  at  STP),  was  computed.  The  sample  was  once  again  subjected  to  a 
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Figure  2.  Thermogravimetric  Analyzer  System  Used  for  CVD  Studies. 
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Figure  3.  Schematic  Diagram  of  Flow  System  Used  for  Preparing 
Larger  Carbon-Carbon  Composite  Samples. 
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slightly  higher  pressure  and  the  second  values  of  P  and  V  were  determined.  This  step  was 
repeated  several  times  until  the  projected  relative  pressure  values  were  reached  (about  0.21 
for  surface  area  determinations  and  0.985  for  obtaining  full  isotherms).  In  the  former  case, 
a  plot  between  P/P®  and  the  term  PA^  (P^-P)  was  made  (where  P®  is  the  saturation  pressure 
of  adsorbate)  to  yield  a  straight  line.  The  number  of  data  points  on  each  plot  was  at  least 
five.  The  slope,  S,  and  intercept,  I,  were  used  to  calculate  the  monolayer  volume,  Vm. 
i.e.,  the  volume  of  adsorbate  required  to  cover  the  entire  surface  of  one  gram  sample  with 
one  complete  monolayer.  The  Bmnauer,  Emmett,  and  Teller  (BET)  equation  was  used  to 
compute  the  monolayer  volume  (Ref.  1): 

P  1  C-1  P 

V(P°  -  P)  “  V^c  VmC  P  ° 

Vm(cc/gatSTP)  =  ^  (2) 

Assuming  the  cross-sectional  area  of  nitrogen  and  krypton  as  0.162  nm^/molecule  and 
0.180  nm^/Kr  atom,  respectively,  the  total  surface  area  (TSA)  was  calculated  using: 

Nitrogen  TSA(m2/g)=  ^  =  4.35  Vm  (3) 

Krypton  TSA(m2/g)=  ^  =  5.64  Vm  (4) 


It  may  be  added  that  the  value  of  0.180  was  obtained  by  calibration  against  nitrogen 
and  that  the  saturation  pressure  of  supercooled  Krypton  was  used  in  th^e  analysis  as 
discussed  elsewhere  (Ref.2).  This  value  corresponds  to  0.214  nm^/Kr  atom  if  the 
saturation  pressure  of  solid  Krypton,  rather  than  the  supercooled  state,  was  used  in  the 
analysis  (Ref.  2). 

The  data  obtained  with  the  full  adsorption/desorption  isotherms  were  also  used  to 
predict  the  type  of  pores  present  in  the  sample  and  also  to  estimate  the  pore  volume  and 
pore  size  distribution  in  the  range  2.0  to  50.0  nm.  Here,  the  adsorption  measurements 
were  continued  to  higher  values  of  P/P°  (up  to  P/P®  =  0.985).  The  adsorption  data,  along 
with  a  simple  mathematical  model,  were  used  to  compute  the  pore  volumes.  The  carbons, 
like  many  other  porous  materials,  have  cracks,  crevices,  and  pores.  Therefore,  when 
exposed  to  an  adsorbate  (e.g.  N2),  the  pores  are  partially  filled  as  a  result  of  forming  the 
monolayer  and  multilayers  on  top  of  it.  The  smaller  pores  will  fill  first  with  condensed  N2 
molecules,  and  progressively  the  larger  pores  will  fill  afterwards  as  the  equilibrium 
pressure  is  shifted  to  higher  values.  The  experimental  data  collected,  volume  adsorbed  vs. 
equilibrium  pressure,  can  then  be  used  with  the  model  to  execute  a  pore  size  distribution 
analysis.  Details  regarding  these  calculations  have  been  described  earlier  (Ref.  3). 

Sample  Activation 

Since  CVD  is  a  heterogeneous  reaction,  it  is  important  t6  elucidate  the  role  of 
different  types  of  surfaces  on  deposition  rates.  When  the  hydrocarbon  molecules  in  the  gas 
phase  collide  with  a  substrate  surface,  they  may  collide  with  an  active  or  nonactive  site. 
The  as-received  fibers  have  small  surface  areas,  and  their  contribution  to  the  reaction  is 
small.  To  improve  the  adhesion  between  the  substrate  and  matrix,  it  was  then  desirable  to 
modify  the  fiber  surface  and  enhance  its  surface  area.  Surface  modification  of  the  fibers  is 
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normally  done  by  using  some  oxidation  pretreatment  procedures.  In  this  study,  two 
oxidation  treatments,  namely  high  -  temperature  oxidation  (HTO)  and  low  -  temperature 
oxygen  plasma  etching  (LTOPE)  were  used.  The  graphitized  pitch  carbon  fiber,  VSB-32 
was  used  for  this  purpose.  For  preparing  HTO  activated  samples,  batches  of  the  as- 
received  fiber  were  oxidized  in  air  inside  a  muffle  furnace  at  an  isothermal  temperature  of 
SOO,  600, 700,  or  925  C.  The  length  of  oxidation  time  at  each  temperature  was  varied  until 
reasonable  levels  of  bum-off  (B.O.)  were  reached.  LTOPE  treatments  were  performed 
inside  an  RF  oxygen  plasma  chamber  operating  under  the  following  conditions:  RF  s  100 
watts,  flow  rate  =  100  cc/min,  and  chamber  pressure  =  67  Pa. 

The  active  surface  area  (ASA)  of  all  samples  was  determined  by  the  oxygen 
chemisorption  technique  discussed  earlier  (Ref.  4).  The  chemisorption  was  carried  out  at 
300  C  and  a  starting  oxygen  pressure  of  667  Pa  and  the  two  desorption  cycles  were 
executed  at  950  C. 

Materials 

Several  types  of  carbonaceous  materials  were  used  in  this  work;  t  are  all  listed  in 
Table  1.  The  thrw  carbon  fibers  were  prepared  from  different  precursors  (rayon,  pitch, 
and  polyacrylonitrile)  and  heat  treated  to  different  temperatures.  These  are  T-300,  VSB-32, 
and  WCA.  SP-1  is  a  perfectly  ordered  gr^hitic  material  with  an  interlayer  spacing  of 
0.3354  nm.  ST  MT  and  V3G  are  graphitized  carbon  with  different  particle  sizes  and 
surface  areas;  they  have  been  heat  treated  to  2800  C.  A  portion  of  the  V3G  samples  was 
activated  in  air  to  the  30%  level  of  bum-off.  As  a  result,  new  porosity  was  developed  and 
both  ASA  and  BET  areas  increased.  The  remaining  five  materials,  N990,  N762,  N550, 
N330,  and  V3  are  all  ungr2q}hitized  carbon  blacks. 


TABLE  1.  List  of  Carbons  and  Their  Surface  Areas. 


im 

T-300 

PAN**-Bssed  Carbonized  Fiber 

0.56* 

WCA 

Graphitized  Rayon  Fabric 

o.eo* 

VSB-32 

Graphitized  Pitch  Fiber 

0.54* 

SP-1 

Spectroscopic  Grade  Graphite 

2.00* 

N990 

Ungraphitizad  Carbon  Black 

7.5* 

N762 

Ungraphitizad  Carbon  Black 

25.5* 

NS50 

Ungraphitlzed  Carbon  Black 

37.0* 

N330 

Ungraphitizad  Carbon  Black 

80.2* 

V3 

Ungraphitlzed  Carbon  Black 

71.0* 

ST  MT 

Graphitized  Carbon  Black 

9.1* 

V3Q 

Graphitized  Carbon  Black 

59.2* 

V3Q.30%  B.O. 

V3G  Acbvated  to  30%  Bum-off 

99.7* 

*  Surface  ArcM  Determined  By  N2  Adsorption  At  -199  C 

*  Surface  Areea  Determined  By  Kr  Adsorption  At  -196  C 

**  Polyscrylonltrlle 
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RESULTS  AND  DISCUSSION 


Deposition  in  Static  Reactor 
Deposition  on  As-Received  VSB-32  Fiber 

In  this  section,  the  results  obtained  on  the  as-received  grt^hitized  pitch-based  fiber, 
VSB-32,  are  reported.  Table  2  summarizes  some  basic  properties  of  this  substrate.  The 
small  surface  area,  as  measured  by  gas  adsorption  and  the  density  values, which  are  in 
excess  of  2.0  g/cc,  indicates  that  this  fiber  has  a  small  level  of  open  and  closed  porosity. 
The  results  obtained  for  pyrolytic  carbon  deposition  on  the  as-received  fiber  at  1000  C  are 
shown  in  Fig.  4.  The  amount  of  deposit  after  15  h  exposure  increases  with  the  starting 
pressure  of  methane  in  the  reactor.  Curve  A  represents  the  total  carbon  yield  calculated 
from  the  drop  in  methane  concentration  while  curve  W  represents  the  increase  in  sample 
weight  obtaii^  by  using  an  analytical  balance.  The  difference  between  A  and  W  gives  the 
amount  of  carbon  deposited  on  the  boat  and  reactor  walls.  Line  C  shows  the  amount  of 
deposit  on  the  boat  in  the  presence  of  fibers;  this  amount  is  constant  above  60  Torr.  Curve 
B  exhibits  the  deposit  on  a  bare  boat  ("Blank"  runs)  in  absence  of  fiber.  When  compared 
to  C,  curve  B  is  not  only  higher,  but  is  also  dependent  on  methane  pressure.  There  are  two 
possible  reasons  for  thb:  (i)  In  the  presence  of  the  fiber,  a  poition  of  the  boat  surface  is 
covered,  and  diffusion  of  methane  to  the  internal  surface  of  the  boat  is  restricted. 
However,  this  reason  is  not  enough  to  account  for  the  large  difference  between  curves  B 
and  C.  (ii)  Methane  cracks  preferentially  over  the  carbon  fiber  surface.  The  general  trend 
of  curves  A  or  W  means  that  with  increasing  methane  pressure,  the  amounts  of  deposit  on 
fiber  and  of  methane  which  has  cracked  in  the  gas  phase  increase  at  a  decreasing  rate. 


TABLE  2.  Properties  of  Pitch*Based  Graphitized  Fiber;  VSB>32. 


Diameter  (nm) 

10670 

Number  Of  Fllamente/Toe 

2K 

He>Density(g/ec) 

2.113 

Hg-Oonsity(g/ce) 

2.022 

Oeneity  From  Gradient  Columna  (g/cc) 

2.037 

Kr-8ET  Surface  Area  (m^/g) 

0.540 

Geometric  Surface  Area  (m^/g) 

0.180 

Active  Surface  Area  (m^/g) 

0.029 

Cryatalllte  Parametera  (nm): 

0.3420 

d002 

Le 

6.0 

l-a 

3.0 

Aah  (%) 

<0.05 

8  (%) 

0.64 

H  (%) 

0.06 

M(%) 

0.007 

Na  (ppm) 

4.4 

K  (ppm) 

4.2 

Ca,  2n,  Fe.  Mg _ 

Net  Detected 

Carbon  Deposited  (mg) 


Figure  4.  Dependence  of  Carbon  Yields  on  Methane  Partial 
Pressure  in  Static  Reactor. 


Next,  we  discuss  the  thermodynamic  considerations  (Fig.  S).  Line  T  represents  the 
yield  of  carbon  that  would  have  deposited  if  the  actual  thennodynamic  equilibrium 
conditions  at  1000  C  had  been  reached.  Curve  W  (firom  Fig.  4)  displays  the  experimental 
values  which  are  well  below  line  T.  It  is  evident  that  as  the  starting  pressure  of  methane 
increases,  the  deviation  from  thermodynamic  equilibrium  becomes  more  pronounced  and, 
therefore,  the  efficiency  of  utilizing  methane  in  tire  dqwsition  reaction  becomes  less.  There 
are  three  main  reasons  for  this:  (i)  Increasing  the  pressure  shifts  the  equilibrium  to 
unfavorable  conditions,  (i.e.  recombination  of  carbon  and  H2  to  form  CH4).  (ii)  At  higher 
pressures,  the  concentration  of  H2  is  high.  It  is  possible  that  H2  may  retard  methane 
cracking,  (iii)  Elevated  pressures  may  enhance  the  rate  of  by-product  condensation  on  fiber 
active  sites.  As  a  result,  the  rate  of  CYD  drops  due  to  the  lack  of  active  centers. 

The  effect  of  adding  diluents  to  methane  was  also  studied  (curve  D-Fig.  5).  Here 
the  fiber  was  exposed  to  a  mixture  of  methane  (starting  pressure:  ^200  Torr)  and  either 
He  or  Ar.  The  ^uent  was  added  to  give  a  totid  starting  pressure  of  500  Torr.  It  is  seen 
from  the  figure  that  for  any  given  vdue  of  methane  pressure,  the  amount  of  deposit  is 
higher  in  a^nce  of  diluents  (compare  plot  W  venus  D).  Thus,  by  increasing  the  total 
pressure  in  the  system  while  maintaining  a  constant  nnethane  concentration,  the  CfVD  rate  is 
retarded  and  the  carbon  yield  decreases. 
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Starting  CH^  Pressure  (Torr) 


Figure  5.  Comparison  of  Theoretical  and  Experimental  CVD 
Carbon  Yields. 


Properties  of  Activated  VSB-32  Fiber  Samples 

Scpning  Electron  Micrographs  of  different  oxidized  VSB-32  fiber  samples  are 
displayed  in  Fig.  6.  The  as-received  fiber  surface  (plate  a)  has  few  striations  and  wrinkles. 
Oxidation  in  the  plasma  to  27%  B.O.  (plate  b)  and  above,  or  in  air  at  500  C  to  4.1  %  B.O. 
(plate  c)  only  smoothed  the  surface  but  did  not  develop  pits  or  pores.  At  higher  levels  of 
B.O.  at  500  C,  there  was  some  indication  of  oxygen  anacking  the  fiber  through  the  ends 
and  the  oxidation  process  propagated  inward  in  the  filament  axial  direction.  As  a  result,  a 
few  hoUow  "straw-like"  tubes  were  seen  (plate  d).  Oxidation  at  600  and  700  C  to  4%  B.O. 
and  above  developed  a  considerable  number  of  pits  and  holes  along  the  filament  side  (plates 
e  rad  f)  whose  depth  and  size  increased  with  B.O.  These  observations  indicate  that 
oxidation  of  the  graphitized  pitch  fiber  can  take  place  by  more  than  one  mechanism 
depending  ot  the  experimental  parameters  used  (activation  temperature,  activation  time,  and 
ty^  of  oxidant  gas). 

Fig.  7  shows  how  the  ASA  of  the  activated  samples  changes  with  B.O.  When  the 
B.O.  increases  from  0  to  about  1%,  the  ASA  abruptly  increases  by  a  factor  of  5  fi-om  a 
starting  value  of  0.029  m^/g  for  the  as-received  fiber  to  about  0.15  m^/g.  Oxidation  of  the 
samples  to  higher  levels  of  B.O.  is  associated  with  a  slight  increase  in  ASA.  Thus, 
between  1  and  8^  B.O.,  the  ASA  is  linearly  related  to  B.O.;  the  slope  of  the  line 
(dASA/d%B.O.)  is  mainly  dependent  on  the  treatment.  At  one  extreme,  all  samples 
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Figure  6.  Scanning  Electron  Micrographs  of  Graphitized  VSB-32 
Pitch  Fiber:  a;  As>Received  Fiber,  b;  Activated  in 
Oxygen  Plasma  to  27%  B.O^  c;  Activated  in  Air  at 
500  C  to  4.1%  B.O.,  d;  Activated  in  Air  at  500  C  to 
57%  B.O.,  e;  Activated  in  Air  at  600  C  to  7.6%  B.O., 
f;  Activate  in  Air  at  700  C  to  4.6%  B.O. 


exposed  to  HTO  of  600  C  and  above,  exhibit  one  line  having  the  lowest  slope  of 
10  cm2/g/%B.O.  By  contrast,  the  samples  ondized  at  500  C  gave  the  highest  slope; 
70  cm^/g/B.O.  As  Fig.  7  shows,  the  samples  activated  at  500  C  have  larger  ASA  than  the 
corresponding  ones  activated  to  the  same  level  of  B.O.  at  600-925  C.  This  finding 
indicates  that  there  are,  at  least,  two  possible  mechanisms  for  HTO.  One  is  predominating 
at  500  C  where  the  attack  of  oxygen  molecules  occurs  mainly  through  the  ends  of  the 
carbon  filaments  and  progresses  inward  into  the  axial  direction,  while  the  odier  mechanism 
is  predominating  at  the  higher  temperatures  where  the  attack  is  primarily  taking  place  at  the 
sides  of  the  filaments  and  is  progressing  into  the  radial  direction  towards  the  center  of  the 
filaments. 

It  is  also  noted  in  the  figure  that  the  LTOPE  samples  exhibit  a  line  located  between 
the  above  two  extremes  with  a  slope=32  cm^/g/B.O.  Since  the  plasma  generates  several 
types  of  excited  species  including  atomic  oxygen,  the  etching  in  this  case  is  probably  due  to 
dto  random  attack  at  the  basal  planes  and  active  sites  with  the  removal  of  one  graphitic  layer 
after  the  other.  In  other  words,  because  of  the  short  residence  time  of  the  excited  species, 
the  probability  of  oxygen  atoms  to  penetrate  deeply  below  the  surface  is  small.  Since  the 
depth  of  penetration  is  small,  die  formation  of  pits  is  not  observed. 

Variation  of  total  (BET)  surface  area  with  B.O.  is  shown  in  Fig.  8.  Below  25% 
B.O.,  the  increase  in  total  area  with  B.O.  is  linear  and  insignificant  porosity  has  develqied. 
As  the  B.O.  increases  above  this  level,  the  total  area  increases  exponentially  with  B.O. 
because  porosity  starts  developing  considerably  above  this  level.  For  the  HTO  samples, 
decreasing  the  activation  temperature  from  700  to  500  C  is  associated  with  an  enhancement 
of  the  toud  area  at  a  given  B.O. 
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(6/21U)  V3UV  139 


Figure  8.  Dependence  of  Total  Surface  Area  on  Burn-Off. 
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The  present  results  indicate  that,  with  the  exception  of  the  500  C  samples,  most  of 
the  surface  area  developed  below  25%  B.O.  is  essentially  composed  of  ASA  because  the 
increase  in  total  area  was  equivalent  to  the  increase  in  ASA.  However,  at  higher  levels  of 
B.O.,  the  increase  in  total  area  far  exceeds  the  increase  in  ASA,  which  indicates  that  above 
25%  B.O.,  the  crystallite  orientation  at  the  exposed  surface  is  different  than  at  the  original 
surface. 

Deposition  on  VSB-32  Activated  Samples 

In  this  section  we  discuss  the  results  obtained  when  successive  layers  of  pyrolytic 
carbon  were  deposited,  in  a  controlled  manner,  on  the  surface  of  VSB-32  activated 
samples,  using  the  ap>paratus  shown  in  Fig.  1.  After  evacuation  at  1000  C  to  10'^  Torr,  a 
precalculated  dose  of  ultrahigh  purity  methai^  was  injected  from  the  gas  reservoir  into  the 
system.  The  number  of  me^ane  micromoles,  n,  required  to  deposit  one  BET  equivalent 
layer  of  pyrolytic  carbon  on  one  gram  fiber  was  calculated  in  two  different  ways;  the 
agreement  was  satisfactory.  In  the  first  method,  the  thickness  of  one  layer  and  the  density 
of  pyrolytic  carbon  were  taken  as  0.36  nm  and  2.05  g/cc,  respectively.  Hence,  by 
knowing  the  starting  surface  area  (SA;  m^/g)  of  the  sample,  the  value  of  n  is  calculated  by  : 

n=SA  X  0.36  x  density  x  1000/12  (5) 

In  the  second  method,  the  number  of  carbon  atoms,  n^,  present  at  the  external 
surface  was  calculated  by  : 

lie  =  SA  X  1018/0.0262  (6) 

The  latter  denominator  represents  the  average  area  occupied  by  one  basal  plane 
carbon  atom  (nm^/atom)  calculated  from  the  geometry  of  the  hexagonal  structure  of  B- 
graphite.  Since  ne  can  also  be  considered  as  the  number  of  pyrolytic  carbon  atoms  present 
in  one  BET  equivalent,  assuming  a  1:1  carbon  atom  ratio,  therefore: 

n=ncxl0^/N,.  (7) 

where  N  is  Avogardo’s  number.  When  the  sample  was  exposed  to  methane  at  1000  C,  the 
system  pressure  increased  due  to  the  decomposition  of  methane  mainly  into  carbon  and 
hydrogen.  By  monitoring  the  system  pressure  and  the  gas  composition  in  the  reactor,  the 
deposition  reaction  was  terminated  when  the  required  number  of  pyrolytic  carbon  layers 
was  deposited,  i.e.,  when  the  projected  value  of  n  was  reached. 

Fig.  9  represents  the  dependence  of  ASA  on  B.O.  before  deposition  (lines  a,  b,  and 
c)  and  after  (line  d)  the  deposition  of  one  layer  of  pyrolytic  carbon.  It  is  evident  that  after 
the  deposition  of  one  pyrolytic  carbon  layer,  all  the  samples  conformed  to  line  d  regardless 
of  the  previous  activation  procedure  used  in  burning  off  the  samples  before  the  course  of 
deposition.  Table  3  displays  the  values  of  ASA  after  the  deposition  of  a  second  and  60 
additional  layers.  The  general  trend  with  the  four  samples  is  essentially  the  same;  the 
deposition  of  additional  pyrolytic  carbon  layers  on  the  top  of  the  first  one  does  not  have  a 
significant  effect  on  changing  ASA.  That  is,  while  the  blockage  of  most  active  sites  takes 
place  with  the  deposition  of  the  first  layer,  the  deposition  of  ad^tional  layers  just  replicates 
the  ASA  available  on  the  previous  one. 

Fig.  9  also  shows  two  additional  important  features:  (i)  lines  c  and  d  are  almost 
parallel  and  0.1 1  m^/g  apart,  and  (ii)  the  ASA  of  the  samples  activated  to  1%  B.O.  is  0.12 
m^/g  higher  than  the  as-received  fiber  (0.029  m^/g).  It  appears  that  during  the  first  1% 
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B.O.,  the  newly  generated  ASA  has  different  characteristics  than  that  developed  above  1%. 
The  former  type  of  sites  are  less  stable  than  the  latter.  When  pyrolytic  carbon  is  deposited, 
it  covers  the  sites  that  were  generated  below  1%  and  converts  them  to  non-active  sites.  The 
deposits  also  cover  the  active  sites  that  were  developed  above  1%  B.O.;  however,  the 
deposits  replicate  the  ASA  developed  above  1%  B.O.  It  may  be  speculated  that  the  two 
different  ty^s  of  active  sites  are  those  present  as  points  of  dislocation  or  in^rfection  at  the 
basal  planes,  and  those  forming  the  edges  of  the  crystallites.  Pediaps  the  least  stable  sites 
ate  tfiose  at  the  edges  while  the  mote  stable  sites  are  those  at  points  of  imperfection. 


Figure  9.  Dependence  of  ASA  on  Burn-Off  After  Deposition  of 
One  Layer  of  Pyrolytic  Carbon. 


TABLE  3.  Active  Surface  Area  (m^/g)  of  Fiber  Samples  After 
Deposition  of  Several  Pyrolytic  Carbon  Layers. 


Numbar  Of 
Pyrolytle 
Carbon  Layara 

As-Raealvad 

OP* 

HTO** 

OP* 

Z%  0.0. 

6.79%  B.O. 

27%  B.O. 

0 

0.029 

0.196 

0.143 

0.243 

1 

0.016 

0.092 

0.042 

0.079 

2 

0.016 

0.034 

0.027 

0.072 

_ «2l5 _ 

0.038 

0.048 

0.036 

0.070 

*Oxyg«n  Plasma  Traatmant 

**  High  Tamparatura  Oxidation  Traatmant  At  600C 


# 
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Under  the  experimental  conditions  used  in  this  study,  the  deposition  atmosphere 
could  have  an  entire  series  of  species  ranging  in  size  from  small  radicds  and  hydrocarbon 
molecules  and  ending  with  large  planar  "molecules"  containing  several  carbon  atoms 
arranged  in  hexagonal  arrays.  If  the  outer  surface  of  the  fiber  is  composed  of  crystallites 
oriented  in  the  circumferential  direction,  with  their  basal  planes  running  parallel  to  the 
filament  axis,  then  the  oxidation  process  starts  and  continues  between  adjacent  crystallites 
to  create  a  gs^.  In  this  case,  the  attack  with  O2  is  localized  because  most  of  the  developed 
ASA  (0.1 1-0.12  m^/g)  is  located  between  adjacent  ciystallites.  During  pyrolytic  carbon 
deposition,  a  large  aromatic  molecule  may  fiU  the  gap  and  interconnect  the  two  adjacent 
crystallites  with  the  net  result  of  destroying  or  blocking  the  newly  developed  ASA. 
Alternatively,  small  radicals  may  chemisorb  on  the  edges  and  grow  until  they  meet  with 
those  branching  from  neighboring  crystallites.  As  a  result,  die  gap  closes  and  the  ASA  is 
lost.  As  for  the  other  type  of  active  sites  existing  as  defect  points  in  the  basal  planes  or 
between  them,  die  sites  may  chemisoib  the  smaller  radicals  and  become  nonactive  sites.  In 
other  words,  the  points  of  ^fects  will  end  up  as  functional  groups  (e.g.,  -CH3)  protniding 
away  from  the  basal  planes.  Since  the  .probability  of  odier  radicals  in  the  gas  phase 
colliding  with  these  groups  is  higher  than  colliding  with  the  rest  of  the  surface,  an  exchange 
reaction  may  propagate  at  these  locations;  the  gas  phase  radicals  are  deactivated  while  the 
functional  groups  are  converted  to  new  active  sites.  Hence,  the  deposition  of  successive 
layers  on  the  top  of  the  first  one  keeps  replicating  the  ASA  of  the  localized  defects. 

The  data  and  results  reported  in  this  section  can  be  used  to  predict  a  two- 
dimensional  model  for  die  grtphitized  pitch  fiber  used  in  d%e  study.  It  is  recalled  from  Fig. 
7  and  Fig.  8  that  between  0%  and  25%  B.O.,  the  newly  developed  areas  were  only  ASA, 
and  that  the  ASA  was  always  smaller  than  the  BET  area.  If  within  this  B.O.  range  the 
crystallites  were  oriented  in  the  radial  direction,  then  the  total  area  should  be  active,  i.e., 
BET  =  ASA.  Since  this  is  not  the  case,  we  may  conclude  that  the  orientation  of  crystallite 
below  25%  B.O.  is  in  the  circumferential  direction.  At  higher  B.O.,  a  different  trend  is 
observed;  the  total  surface  area  starts  increasing  with  B.O.  at  a  faster  rate  than  the  ASA.  It 
is  possible  that  the  orientation  of  the  internal  crystallites  starts  changing  from 
circumferential  to  radial  direction.  If  this  is  the  case,  then  the  deposition  of  the  first 
pyrolytic  carbon  layer  on  the  samples  with  high  B.O.  should  show  a  trend  different  than 
that  observed  with  low  B.O.  samples.  Table  4  shows  that  the  total  area  of  the  high  B.O. 
samples  becomes  larger  after  deposition  of  the  first  pyrolytic  carbon  layer;  the  hi^er  the 
B.O.,  the  greater  the  increase  in  total  area.  A  possible  explanation  for  this,  as  one  may 
propose,  is  that  the  aromatic  layers  of  deposited  pyrolytic  carbon  are  now  bonded  to  tlK 
edges  of  the  radial  crystallites  with  the  net  result  of  adding  an  "extension"  to  each 
crystallite.  In  other  words,  only  the  outer  radial  crystallites  of  the  fiber  are  getting  the 
extensions  with  the  net  efrect  of  increasing  the  length  of  the  pores  without  affecting  their 
diameter. 


TABLE  4.  Total  (BET)  Surface  Area  of  Fiber  Samples  Before  and 
After  Deposition  of  One  Pyrolytic  Carbon  Layer. 


Total  Surface  Area  (m^/g) 

Bafore  Deposition  After  Deposition 

%  INCREASE 

HTO  *  at  500C 

57.1 

1.5 

HTO  *  at  600C 

45.3 

16.3 

HTO  *  at  7QQC 

57.6 

0.993 

16.4 

Oxygen  Plasma 

76.3 

1.406 

1.710 

21.6 

H)gh  Temperature  Oxidation 
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Based  on  this,  the  following  model  has  been  proposed  for  the  orientation  of  the 
crystallites  in  a  cross-section  of  the  graphitized  pitch  fiber  (Fig.  10).  The  crystallites  in 
Region  I  (up  to  25%  B.O.  or  above  0.85  fiber  diameter)  are  oriented  in  the  circumferential 
direction.  In  Region  II,  the  crystallites  start  changing  direction  until  Region  HI  is  reached 
where  they  are  essentially  oriented  in  the  radial  direction.  Orientation  of  the  crystallites  in 
the  radial  direction  have  been  observed  on  a  mesophase  P55  fiber  (Ref.  5).  Orientation  in 
the  radial  and  circumference  direction  has  also  been  reported  (Ref.  6),  depending  on  the 
spinning  conditions  of  the  fiber  during  processing. 


Figure  10.  Proposed  Model  for  Crystallite  Orientation  in  a 
Graphitized  Pitch  Carbon  Fiber. 
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Deposition  on  SP-1  Graphite  Flakes 

To  investigate  the  effect  of  sample  geometry  on  CVD  rates  and  mechanism,  a 
different  substrate  had  to  be  used.  SP-1  graphite  flakes  were  then  chosen  as  the 
appropriate  candidate  because  they  are  exclusively  non-porous,  they  have  a  density  close  to 
that  of  natural  graphite  (2.268  g/cc),  they  have  very  sm^  concentrations  of  impurities,  and 
they  have  small  ASA  and  BET  areas  comparable  to  those  of  the  fiber.  The  additional 
unique  feature  of  the  flakes  is  the  way  the  active  sites  are  located  with  respect  to  the  non¬ 
active  ones  (at  basal  planes).  The  top  and  bottom  of  each  flake  are  essentially  composed  of 
basal  planes  while  the  sides  are  composed  mainly  of  active  centers  (i.e.,  edge  carbon 
atoms).  If,  under  one  set  of  experimen^l  conditions,  the  CVD  reaction  is  taking  place  only 
at  the  active  sites,  then  at  some  point  in  time  the  Bates  should  be  bonded  together  through 
their  sides  and  the  surface  morphology  at  the  top  and  bottom  of  the  flakes  should  remain 
unchanged.  This  could  easily  be  observed  by  examining  the  samples  using  a  scanning 
electron  microscope  (SEM).  On  the  other  hand,  if  die  deposition  is  tidcing  place  at  die  sides 
as  well  as  on  the  top  and  bottom  of  the  flakes,  i.e.,  tte  deposition  occurs  on  the  entire 
surface  of  the  flakes,  then  both  surfaces  (active  and  non-active)  would  be  contributing  to 
the  deposition  mechanism,  and  as  a  result,  the  morphology  of  the  entire  flake  would 
change. 

The  SP-1  used  in  the  present  section  was  Erst  activated  at  650  C  in  air  inside  a 
muffle  furnace  until  the  flakes  reached  the  12.4%  level  of  B.O.  The  activated  sample  had  a 
starting  ASA  value  of  0.24  m^/g  and  a  starting  total  BET  area  of  3.81  m^/g.  Following 
activation,  the  samples  were  evacuated  at  1000  C,  as  was  the  case  with  the  VSB-32  fiber, 
and  a  systematic  d^sition  of  pyrolytic  carbon  layers  was  performed.  First  one  pyrolytic 
carbon  layer,  equivalent  to  one  ASA,  was  chemic^y  deposited  on  the  samples  at  1000  C, 
then  the  ASA  was  determined  using  oxygen  chemiwrption  at  300  C.  Next,  another  1.7 
ASA  equivalent  layers  were  deposited  on  the  sample  and  once  again  the  ASA  measurement 
was  performed.  This  cycle  was  repeated  several  times  until  542  layers  of  ASA  equivalents 
were  deposited.  The  results  of  this  series  of  tests  are  summarized  in  Table  5.  It  is  evident 
that  after  two  ASA  equivalents  were  deposited  on  the  sample,  the  ASA  became  essentially 
constant .  The  deposition  of  additional  layers  showed  negligible  changes  in  the  ASA  value. 
It  can  be  stated  that  the  final  ASA  of  this  activated  sample  can  be  averaged  to  a  constant 
value  of  0.155  ±  0.015  m^/g  after  the  deposition  of  two  or  more  CVD  layers. 


TABLE  5.  Variation  of  ASA  With  the  Number  of  CVD  Layers 

Deposited  on  SP>1  Graphite  Activated  to  12.4%  B.O. 


Nunbcr  Of  CVD  I^aycn 

ASA(ai2/g) 

0 

0.24 

1 

0.21 

2.7 

0.14 

<.3 

0.15 

51.4 

0.17 

113 

O.U 

205 

0.14 

297 

0.14 

417 

0.15 

542 

0.14 
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Occasionally  after  terminating  some  of  the  ASA  experiments  and  before  adding  the 
subsequent  CVD  layers,  the  total  (BET)  was  measured.  The  results,  summarized  in  Table 
6,  indicate  that  the  total  (BET)  area  is  not  appreciably  changing  with  the  amount  of  deposit. 
The  table  also  shows  that  the  ratio  ASA/total  area  remained  constant.  That  is,  in  spite  of  the 
drop  in  both  ASA  and  BET  area  aftei  the  dejxjsition,  the  population  of  active  centers  with 
respect  to  the  entire  surface  remains  essentially  unchanged. 


TABLE  6.  ASA  and  Total  BET  Areas  of  SP-1  Graphite  Sample 
Activated  to  12.4%  B.O. 


Number  Of 

CVD  Lajen 

ASA(m2/g) 

BET  Area  (ra^/g) 

J|4*ioo 

0 

0.24 

3.81 

S.3 

0.15 

N/A 

113 

O.IS 

N/A 

297 

0.14 

2.57 

417 

0.15 

2.23 

S42 

0.14 

2.30 

■bBI 

N/A:  Not  Available 


The  edges  of  the  fl^es  are  essentially  composed  of  active  sites  whose  carbon  atoms 
have  valence  electrons  which  could  form  chemical  bonds  with  other  species  present  in  the 
deposition  medium.  When  methane  cracks,  it  yields  several  radicals,  either  atomic  or 
molecular,  and  large  polymeric  groups.  It  is  therefore  feasible  for  some  of  these  species  to 
bond  with  one  or  more  edge  carbon  atoms.  Consequently,  both  ASA  and  total  BET  area 
decrease.  Eventually,  after  three  layers  of  deposition,  some  of  the  edge  atoms  are  either 
bonded  to  each  other  through  the  pyrolytic  carbon  radicals  or  they  ate  completely  blocked 
Additional  deposition  would  then  generate  ASA  at  the  same  rate  of  disappearance  of  the  old 
ASA.  In  other  words,  after  the  third  CVD  layer,  the  ASA  keeps  replicating  itself  and  most 
of  the  available  active  sites  are  those  present  on  the  deposit. 

The  decrease  in  ASA,  from  0.24  to  0.15  m^/g,  cannot  account  for  the  decrease  in 
total  BET  area,  which  was  weU  above  1 .0  m2/g.  Therefore,  during  the  deposition  reaction, 
smne  flakes  were  agglomerating  to  form  larger  particles.  Scanning  electron  micrographs  of 
SP-1  samples  before  and  after  deposition  of  pyrolytic  carbon  at  1000  C  are  displayed  in 
Fig.  1 1.  The  as-received  sample,  plate  (a),  is  composed  of  flakes  having  different  particle 
sizes  with  a  wide  range  of  size  distribution.  At  a  higher  magnification,  plate  (b)  the 
graphitic  surface  is  observed,  the  side  of  the  flakes  (which  is  composed  essentially  of  active 
sites)  looks  rather  sharp,  md  smaller  flakes  override  the  larger  ones.  This  means  that  at  the 
commencement  of  deposition,  most  of  the  carbon  is  deposited  on  active  sites.  At  this  low 
level  of  CVD,  the  active  sites  of  the  larger  flakes  are  probably  connected  to  those  of  the 
smaller  ones  via  intermediate  planner  aromatic  molecules.  After  7.1%  deposit,  plate  (d) 
the  trend  continues  with  more  accumulation  on  the  sides  and  a  noticeable  deposition  on  the 
graphitic  surface  (top  and  botttp  of  the  flakes).  After  the  deposition  of  16.1%,  the  flakes 
that  were  originally  long  and  thin  become  completely  covered  with  smaller  particles  as  well 
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as  pyrolytic  carbon,  plate  (e).  However,  the  larger  flakes  are  covered  essentially  with  only 
pyrolytic  carbon  deposits,  plate  (f).  In  the  latter  case,  the  build  up  and  thickness  of 
deposits  at  the  edge  of  the  particles  is  greater  than  that  observed  at  other  locations.  This 
trend  continues  at  higher  levels  of  deposition  with  further  agglomeration  of  the  particles. 
For  example,  at  the  52.5%  level,  smdler  particles  were  generally  not  seen  except  in  few 
cases  as  shown  in  plate  (g)  where  the  flakes,  in  this  particular  case,  are  joined  together  side 
by  side.  In  some  instances,  however,  the  particles  were  sitting  on  the  top  of  each  other  as 
shown  in  plate  (h).  It  is  noted  that  the  deposits  on  the  sides  have  a  fine  grain  and  appears 
smoother  than  those  coarse  deposits  formed  on  the  top  of  the  flakes.  This  means  that  the 
nature  of  the  surface,  on  which  the  deposition  takes  place,  plays  a  major  role  in  affecting 
the  surface  morphology  of  the  end  product.  The  basal  plane  areas  tend  to  yield  coarse 
deposits  but  the  active  sites  yield  a  smooth  surface. 


Deposition  in  the  Flow  Reactor 

Effect  of  Temperanire  and  Substrate  on  Deposition  Rates 

Typical  thermograms  obtained  with  the  TGA  on  the  VSB-32  fiber  are  shown  in 
Fig.  12.  It  is  seen  that  sample  temperature  has  quite  a  dramatic  effect  on  deposition  rates 
and  carbon  yields.  For  example,  after  15  h  exposure,  the  yields,  based  on  the  starting 
weight  of  the  fiber,  were  19%  at  1005  C  and  125%  at  1080  C.  E)ependence  of  rates  on 
sample  temperature  (Arrhenius  plots)  are  illustrated  in  Fig.  13  for  the  VSB-32  fiber  as  well 
as  other  selected  carbons.  These  plots,  in  the  temperature  range  of  1000  to  1 100  C,  are 
also  linear  ;  their  slopes  have  been  used  to  compute  the  corresponding  values  of  activation 
energy  (Ea).  The  vtdues  of  Ea  are  related  to  the  starting  BET  surface  area,  as  shown  in 
Fig.  14.  For  the  carbon  having  the  smallest  BET  area,  the  activation  energy  is 
98  kcal/mole.  As  the  surface  area  increases,  the  activation  energy  drops  and  finally  attains 
a  constant  value  of  about  55  kcal/mole  for  the  samples  having  BET  areas  of  60  m^/g  and 
higher.  Since  the  average  energy  required  to  break  a  C-H  bond  in  methane  molecules  is 
104  kcal/mole  (Ref  7),  we  may  then  conclude  that  the  surface  of  the  substrate  catalyzes  the 
deposition  reaction,  and  thus,  enhances  the  rate  at  which  the  hydrocarbon  bonds  are 
broken.  In  other  words,  in  the  absence  of  a  substrate,  methane  molecules  may  crack  ui  the 
gas  phase  with  minor  deposition  of  pyrolytic  carbon  only  on  reactor  walls.  The  activation 
energy  in  this  case  would  be  in  the  vicinity  of  104  kcal/mole.  When  a  carbonaceous 
substrate  is  placed  inside  the  reactor  under  similar  experimental  conditions,  methane 
molecules  collide  more  effectively  with  the  carbon  surface  than  with  each  other.  That  is, 
the  probability  of  breaking  the  C-H  bonds  at  the  surface  is  higher  than  in  the  gas  phase.  A 
larger  substrate  surface  area  yields  a  higher  probability  of  collision,  a  faster  CVD  rate,  and 
with  it,  a  lower  activation  energy  for  the  deposition  reaction.  With  a  faster  CTVD  rate,  the 
fiber  bundles  or  carbon  particles  are  bonded  together  faster,  and  the  starting  surface  area  is 
also  decreased  faster.  This  means  that  the  starting  surface  of  the  substrate  is  contributing  to 
the  CVD  reaction  in  three  ways:  enhancing  the  rate,  lowering  the  activation  energy,  and 
accelerating  the  rate  of  decreasing  surface  area.  The  first  condition  is  supjported  by  the  data 
displayed  in  Fig.  15.  As  the  surface  area  increases,  the  deposition  rate  (Rl)  increases  and 
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(g)  After  deposition  of  52.5‘7f 


f'  (h)  After  deposition  of  52.5‘> 


Figure  11.  Scanning  Electron  Micrographs  of  SP>1  Graphite 
Before  and  After  Deposition  of  Pyrolytic  Carbon 
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TIME  (minutes) 

Figure  12.  Typical  Thermograms  for  Methane  Cracking  Over 
VSB-32  Fiber  (Flow  System). 

Temperature  (*C) 
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Figure  13.  Dependence  of  CVD  Rates  on  Reaction  Temperature. 
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Finiire  14.  VariaMun  of  Activation  Kner}»y  with  Startinn  Surface  Area. 


BET  Surface  Area  (m2/g) 

Fijiure  15.  Fffect  of  Startiiifj  Surface  Area  on  Deposition  Rate  (mu/y-min). 
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the  rates  on  ungraphitized  carbons  are  higher  than  those  on  the  graphitized  substrates.  The 
third  condition  is  supported  by  the  data  shown  in  Fig.  15.  The  rates  (R2),  expressed  per 
unit  surface  area  of  the  material,  are  dropping  with  increasing  surface  area  of  the  carbons. 
This  means  that  the  efficiency  of  using  the  starting  surface  area  is  at  its  best  with  the  carbon 
having  the  lowest  surface  area.  It  is  evident,  therefore,  that  with  each  material  there  is 
always  a  compromise  between  the  rate  of  accelerating  the  reaction  and  the  rate  of  losing  the 
surface  area  or  slowing  down  the  reaction.  Apparently,  with  carbons  having  BET  areas 
smaller  than  55  m^/g,  the  net  result  is  an  acceleration  effect.  However,  with  carbons 
having  55  m^/g  or  higher,  the  rate  of  accelerating  the  reaction  is  offset  by  the  rate  of  surface 
area  disappearance. 

It  is  also  seen  in  Fig.  15  that,  for  a  given  value  of  surface  area,  the  CVD  rate  on  an 
ungraphitized  carbon  is  higher  than  on  a  graphitized  one.  Graphitized  carbon  blacks  are 
generally  composed  of  agglomerates  of  smaller  particles,  while  ungraphitized  carbons  are 
composed  essentially  of  small  loose  particles.  It  appears  then  that  once  the  deposition 
reaction  begins  on  graphitized  carbons,  a  large  portion  of  the  entrances  to  internal  particles 
inside  the  agglomerates  is  partially  or  completely  blocked  with  the  carbon  deposited  from 
the  gas  phase.  This,  in  turn,  would  decrease  the  fraction  of  the  starting  area  available  for 
collision  with  methane  molecules,  and  would  ultimately  lower  the  observed  CVD  rate.  The 
same  scenario  can  also  be  extended  to  explain  the  data  displayed  in  Fig.  16  which  clearly 
indicate  that  the  surface  of  the  ungraphitized  carbons  is  used  more  effectively  in  the 
deposition  reaction  than  the  surface  of  graphitized  carbons. 

Pvrolvtic  Carbon  Deposition  on  Carbon  Fibers 

Since  the  main  objective  of  this  work  is  to  understand  the  mechanism  of  CVD  on 
carbon  fibers,  special  emphasis  was  given  to  these  materials.  In  this  section,  the  results 
obtained  on  two  carbon  fibers  and  one  fabric  are  discussed.  The  T-BOO  fiber  is  a 
carbonized  polyacrylonitrile  fiber,  the  VSB-32  is  a  gTtq>hitized  pitch  fiber,  and  the  WCA  is 
a  rayon  fabric  Aat  had  been  heat  treated  to  a  temperature  in  the  range  of  2200-2500  C.  Fig. 
17  illustrates  the  thermograms  obtained  at  1025  C  when  the  three  materials,  as  well  as  SP-1 
graphite,  were  exposed  to  a  mixture  of  10%  methane  in  argon.  For  the  four  samples,  the 
increase  in  sample  weight  is  linearly  related  to  exposure  time.  The  deposition  rate 
(mg/g  min),  calculated  as  the  slope  of  the  line  and  based  on  the  starting  weight  of  substrate, 
is  the  highest  for  SP-1  graphite  and  T-300  fiber  (superimposed  lines),  and  the  lowest  for 
the  graphitized  pitch  fiber.  Since  the  CVD  is  a  heterogeneous  reaction,  the  linearity  of  the 
lines  suggest  that,  as  long  as  the  reaction  is  progressing,  the  deposits  keep  replicating  their 
characteristics.  It  is  seen  from  Table  7  that  SP-1  has  the  smallest  interlayer  spacing  and  the 
largest  crystallite  size.  This  means  that  of  the  four  samples,  SP-1  is  the  most  graphitic 
carbon;  yet  its  deposition  rate  is  equal  to  that  of  the  carbonized  fiber  (T-300)  and  higher 
than  the  other  two  carbons. 

From  the  values  of  ASA  and  TSA,  two  additional  deposition  rates  were  estimated; 
RTSA,  the  rate  normalized  to  the  starting  total  surface  area  (mg/m^  TSA  •  min),  and 
RASA,  the  rate  normalized  to  the  starting  active  surface  area  (mg/m^  ASA  •  min).  These 
rates,  which  are  listed  in  Table  8,  show  three  main  features.  First,  with  the  most  graphitic 
material,  RASA  is  the  highest  but  RTSA  is  the  lowest.  This  means  that  if  the  deposition  is 
occurring  only  on  the  active  sites,  the  efficiency  is  at  its  best.  On  the  other  hand,  if  it  is 
occurring  on  the  total  area  (mainly  basal  planes  in  this  case)  the  rate  is  the  lowest.  In  fact, 
under  the  present  conditions,  it  is  hard  to  predict  whether  the  deposition  is  preferentially 
taking  place  on  the  active  centers  or  on  the  entire  surface  of  the  substrate.  Second,  there  is 
no  definite  correlation  between  RTSA  and  TSA  or  RASA  and  ASA.  That  is,  neither  the 
starting  value  of  TSA  nor  that  of  ASA  can  normalize  the  rates.  Third,  the  only  feasible 
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BET  Surface  Area  (m2/g) 


relation  is  the  dependence  of  the  original  rate  (mg/g  •  min)  on  TSA  and  this  has  been 
discussed  in  the  previous  section  (Fig.  15). 


TABLE  7.  X-ray  Parameters  of  Carbon  Fibers  and  SP-1 


Material 

Interlayer 

spacing 

(nm) 

Crystallite 

height 

Lc  (nm) 

Crystallite 

width 

La  (nm) 

X-ray** 

density 

(g/cc) 

T-300 

N/A* 

N/A* 

N/A* 

N/A* 

WCA 

0.3455 

3.5 

3.0 

2.202 

VSB-32 

0.3435 

9.0 

3.0 

2.214 

SP-1  Graphite 

0.3354 

oo 

OD 

2.268 

‘Not  Applicable:  No  diffraction  peaks  were  obtained.  This  fiber  seems  to  be 
non-crystalline. 

“Calculated  as  2.268  x  0.33S4  /doo2 

TABLE  8.  Active  Surface  Area  (ASA  and  Deposition  Rates  of 
Selected  Carbons. 


ASA 

TSA 

(ni»/g) 

Dei 

(mg/g/mln) 

>osition  R 

(mg/m^ 

TSA-min) 

ate 

(mg/m* 

ASA-mln) 

T-300 

WCA 

VSB-32 

SP-1 

0.075 

0.068 

0.029 

0.049 

0.56 

0.66 

0.54 

2.00 

0.644 

0.500 

0.340 

0.651 

H 

8.59 

7.35 

11.72 

13.29 

Effect  of  Gas  Composition 

For  the  VSB-32  fiber,  the  dependence  of  deposition  rate  on  gas  composition 
between  102S  and  1075  C  was  studied.  Fig.  18  displays  the  effect  of  gas  composition  on 
CVD  rates.  Increasing  the  hydrocarbon  concentration  in  the  mixture  enhances  the  rates 
because  the  number  of  hydrocarbon  molecules,  and  hence  the  concentration  of  reactive 
species  per  unit  reaction  volume,  is  raised.  The  slope  of  the  lines  was  used  to  confute  the 
order  of  the  reaction  which  was  close  to  unity  (0.91).  Therefore,  for  the  deposition  of 
pyrolytic  carbon  on  the  surface  of  VSB-32  Hber,  the  reaction  is  first  order  with  respect  to 
methane  concentration.  This  suggests  that  the  deposition  reaction  starts  by  the 
decomposition  of  methane  in  the  gas  phase. 

^  In  Fig.  19,  the  same  data  are  plotted  in  the  form  of  an  Arriienius  plot.  It  is  seen  that 

when  the  concentration  of  methane  in  the  flowing  gas  increases,  the  activation  ener^  also 
increases.  This  may  only  be  true  in  the  case  of  VSB-32  fiber  and  may  not  be  valid  with 
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Figure  18. 


Dependence  of  CVO  Rates  on  Methane  Concentration 
Temperature  (C) 

1000 


107S 


1050 


1Q2S 


t’xio"*  (K’^) 


Figure  19. 


Dependence  of  Deposition  Rate  on  Temperature 
(Arrhenius  Plots)  and  Gas  Composition. 


other  carbonaceous  substrates.  The  increase  in  activation  energy  with  gas  composition  may 
be  attributed  to  the  by-products  of  methane  decomposition.  As  mentioned  earlier,  the 
mechanism  of  deposition  on  this  fiber  is  essentially  controlled  by  dissociation  of  methane  in 
the  gas  phase  to  yield  hydrogen  as  the  main  product.  It  is  possible  that  H2  acts  as  an 
inhibitor  to  the  deposition  reaction.  The  exact  mechanism  of  inhibition  is  not  fully 
understood;  however,  the  following  speculations  may  be  given.  Hydrogen  could  be 
chemisorbed  on  carbon  active  sites,  it  could  inhibit  the  growth  of  smaller  species  to  form 
large  aromatic  molecules  in  the  gas  phase,  or  it  may  accelerate  the  opposite  reaction,  i.e. 
recombination  of  products  to  yield  reactants.  This  subject  will  be  further  investigated 
during  the  next  few  months. 

Efiect  of  Flow  Rate 

The  effect  of  gas  flow  rate  above  the  sanq^les  on  the  rate  of  pyrolytic  carbon 
deposition  was  studied  at  1025  C  on  two  different  substrates;  VSB-32  fiber  (surface  area  = 
0.54  m2/g)  and  V3G  carbon  black  (surface  area  =  59.2  m^/g).  In  both  cases,  the 
concentration  of  methane  in  the  flowing  gas  was  held  constant  at  about  10%,  and  the  flow 
rate  of  the  mixture  during  deposition  was  varied  between  10  and  3(X)  cc/min.  The  results, 
displayed  in  Fig.  20,  show  that  by  increasing  the  gas  flow  rate,  the  deposition  rate  can 
eidier  decrease,  as  is  the  case  with  the  VSB-32  fiber,  or  increase  as  is  the  case  with  V3G. 
This  suggests  that  there  are  at  least  two  different  mechanisms  for  the  CVD  on  carbon 
substrates,  depending  <m  the  type  of  carbon  used.  With  a  small  surface  area  material,  the 
reaction  starts  in  the  gas  phase  and  ends  on  the  substrate  surface.  Increasing  the  flow  rate 
inside  the  reactor  will  shorten  the  residence  time  of  methane,  and  as  a  result,  the  flowing 
gas  will  not  attain  a  high  temperature  as  it  would  noimally  reach  with  a  small  flow  rate. 


Figure  20.  Influence  of  Gas  Flow  Rate  on  Pyrolytic  Carbon 
Deposition  Rates. 
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Therefore,  the  process  of  decomposing  methane  in  the  gas  phase  is  slowed  down  and  the 
deposition  rate  on  the  VSB-32  fiber  decreases.  That  is,  the  rate-determining  step  with  a 
small  surface  area  carbonaceous  sample  is  the  decomposition  of  hydrocarbon  molecules  in 
the  gas  phase. 

On  the  other  hand,  with  a  large  surface  area  material,  the  rate  determining  step  is  the 
direct  collision  between  methane  molecules,  or  one  of  their  intermediate  species,  and  the 
substrate.  Hence,  when  the  flow  rate  inside  the  reactor  increases,  the  number  of  collisions 
between  the  reactive  species  and  the  surface  of  substrate  is  higher,  and  the  deposition  rate 
increases. 

Properties  of  Deposits 
Deposits  on  VSB-32  Fibers 

To  better  understand  the  mechanism  of  deposition  on  carbon  substrates,  different 
samples  were  prepared  under  a  wide  range  of  experimental  conditions  and  the  composites 
produced  were  then  characterized.  With  the  VSB-32  fiber,  several  samples  were  prepared 
in  both  static  and  flow  reactors. 

In  the  static  reactor,  fresh  as-received  fiber  samples  were  evacuated  at  1000  C  to 
better  than  10'^  Torr,  then  subjected  to  a  dose  of  ultrahigh  purity  methane  at  a  starting 
pressure  in  the  range  of  1  to  200  Torr.  At  all  pressures,  the  samples  were  kept  for  15  h  in 
contact  with  the  unreacted  methane  and  product  gases.  In  the  flow  reactor,  the  as-received 
fiber  was  evacuated,  flushed  with  nitrogen,  then  heated  for  two  hours  at  1273  K  in 
nitrogen  flowing  at  200  cc/min.  At  the  end  of  this  period,  a  mixture  of  12%  methane  in 
argon  was  flowed  to  replace  nitrogen  at  the  same  rate.  TTie  reaction  was  continued  for 
different  lengths  of  time  to  achieve  difierent  levels  of  deposition.  After  terminating  each 
run,  the  percent  of  deposit  on  the  fiber  samples  was  estimated  by  weight  difference. 

Fig.  21  illustrates  how  the  surface  area  of  the  samples  changes  with  the  amount  of 
carbon  deposited  under  different  conditions.  In  the  static  reactor,  as  the  starting  pressure  of 
methane  increases  above  2  Torr,  the  amount  of  deposit  in  15  h  increases  and  the  surface 
area  is  enhanced.  For  these  samples,  the  surface  areas  were  generally  higher  than  the 
starting  value  of  the  as-received  fiber.  By  contrast,  the  surface  areas  of  all  samples 
prepared  in  the  flow  reactor  were  lower.  This  means  that  at  1273  K,  the  static  reactor 
deposits  more  porous  pyrolytic  carbon  than  the  flow  reactor.  To  further  support  this 
finding,  a  flow  reactor  sample  with  33%  deposit  (surface  area  =  0.56  m^/g)  was  placed 
inside  the  static  reactor  and  exposed  to  a  100  Torr  methane  dose  for  15  h  at  1273  K.  As  a 
result,  the  sample  gained  an  additional  3.5%  deposit,  i.e.,  the  total  weight  gain  became 
36.5%,  and  the  surface  area  increased  to  0.82  m^/g  (point  A  in  Fig.  1).  This  means  that 
whether  the  CVD  reaction  in  the  static  reactor  is  carried  out  on  a  clean  fiber  surface  or  on 
the  surface  of  a  fiber  previously  covered  with  pyrolytic  carbon,  the  surface  of  the  deposits 
in  both  cases  is  more  porous  than  the  original  substrate. 

The  data  displayed  in  Fig.  21  have  other  important  features.  The  bottom  line  in  the 
figure  represents  the  (theoretical)  geometric  surface  area  based  on  the  diameter  of  the  fiber 
and  its  density  assuming  that  the  deposition  has  not  progressed  to  the  point  of  joining  the 
filaments.  For  the  as-received  fiber,  the  density  and  average  diameter  are  2.037  g/cc  and 
10.67  micron,  respectively.  These  values  yield  a  geometric  area  of  0.184  m^/g  which  is 
equivalent  to  approximately  1/3  of  the  totd  BET  area.  Further,  for  a  fiber  with  a  given 
amount  of  pyrolytic  carbon  deposit,  the  diameter  is  primarily  dependent  on  the  actual 
density  of  the  deposit.  If  one  assumes  the  two  extreme  cases  with  pyrolytic  carbon 
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densities  of  1 .2  and  2.2  g/cc  (Ref.  8,9),  the  calculated  geometric  areas  of  a  fiber  sample 
with  33%  deposit  would  be  0.229  and  0.210  m^/g,  respectively.  That  is,  if  the  deposits 
are  exclusively  nonporous,  the  increase  in  geometric  area  at  the  33%  CVD  level  is  about 
15%.  However,  as  the  theoretical  calculations  show,  the  effect  of  density  on  the  geometric 
area  is  generally  not  very  pronounced. 


Figure  21.  Surface  Area  of  Deposits  Prepared  in  Flow  and  Static 
Reactor. 


The  surface  areas  of  the  flow  reactor  samples  show  two  distinct  regions  one 
between  0  and  5%  deposit  where  the  surface  area  decreases  while  the  CVD  level  increases, 
and  the  other  between  5  and  33%  deposit  where  the  surface  area  increases  linearly  with  the 
amount  deposited.  In  the  first  region,  the  deposit  is  presumably  covering  a  portion  of  the 
original  filxr  roughness  while  the  diameter  is  simultaneously  increasing.  Tlie  rate  of  the 
former  process  exceeds  that  of  the  second  with  a  net  decrease  in  surface  area.  Above  the 
5%  CVD  level,  most  of  the  roughness  has  been  coated  with  a  smoother  deposit,  and  the 
increase  in  area  is  due  solely  to  an  increase  in  fiber  diameter.  The  fact  that  the  slope  of  the 
linear  region  in  this  case  is  higher  than  the  corresponding  slope  obtained  for  the  computed 
geometric  area  (bottom  line  in  Fig.  21),  can  be  attributed  to  ttevelopment  of  roughness.  In 
other  words,  it  is  possible  that  at  low  levels  of  CVD,  the  deposits  are  smooth,  but  as  the 
CVD  level  increases,  die  deposits  become  somewhat  rough. 

In  the  case  of  the  static  reactor,  there  is  no  appreciable  change  in  surface  area  up  to 
2%  deposit.  This  means  that  the  deposits  are  either  replicating  the  roughness  originally 
present  with  the  fiber,  or  that  the  rate  of  removing  the  original  roughness  due  to  pyrolytic 
carbon  deposition  is  equal  to  the  rate  of  introducing  a  new  porosity  in  the  deposit.  As  more 
pyrolytic  carbon  is  deposited  above  the  2%  level,  the  amount  of  porosity  is  high  and  the 
surface  area  increases  at  a  fast  rate.  This  finding,  along  with  the  one  discussed  in  the 
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previous  sections,  suggests  that  the  porosity  of  pyrolytic  carbon  at  a  constant  deposition 
temperature  may  depend  not  only  on  the  type  of  reactor  used  but  also  on  the  amount  of 
deposit. 

Scanning  electron  micrographs  for  two  fiber  samples  having  a  similar  weight  gain 
of  about  33%  are  displayed  in  Fig.  22.  As  plates  (a)  and  (b)  show,  up  to  this  level  of 
weight  gain  the  deposits  are  uniform  around  the  fiber  filaments,  and  the  agglomeration 
process  has  not  yet  begun  since  gaps  between  the  fiber  filaments  can  still  be  seen.  It 
appears  that  above  this  level  of  CVD,  the  mechanism  begins  changing  from  simple  fiber 
coating  to  a  combination  of  fiber  coating  and  infiltration  inside  the  gaps  present  between  the 
filaments.  At  higher  magnification,  plates  (c)  and  (d),  additional  features  of  the  deposits 
can  be  seen.  With  the  flow  reactor,  the  deposits  appear  dense  with  a  smooth  surface,  but 
those  prepared  in  the  static  reactor  are  rough  and  porous.  This  means  that  at  1273  K,  the 
CVD  mechanism  is  not  the  same  in  both  reactors. 

It  is  known  that  the  nature  and  properties  of  pyrolytic  carbon  deposits  are  extremely 
sensitive  to  the  experimental  conditions  under  which  the  deposition  takes  place  (Ref.  9-1 1 ). 
At  low  temperatures  (at  least  900-1100  C)  and  low  hydrocarbon  pressures  (below  10 
Torr),  a  dense  deposit,  with  laminar  structure  and  clear  characteristic  growth  features,  is 
produced  (Ref.  9).  That  is,  a  high  density  layered  pyrolytic  carbon  is  deposited.  As  the 
hydrocarbon  pressure  increases,  the  density  decreases,  the  growth  features  start 
disappearing,  and  a  laminar  aromatic  type  of  pyrolytic  carbon  (rich  in  its  hydrogen  content) 
is  produced  (Ref.  9).  In  either  case,  the  large  planar  molecules  are  first  formed  in  the  gas 
phase  then  later  deposited  on  the  substrate  (Ref.  10).  In  the  present  study,  as  the  starting 
pressure  in  the  static  reactor  increases,  the  deposits  become  more  porous.  With  increasing 
methane  pressure  in  the  reactor,  the  pressure  of  product  gases  (mainly  hydrogen)  is  also 
raised,  and  the  rate  of  other  side  reactions  is  higher.  For  example,  the  presence  of  high 
concentrations  of  hydrogen  in  the  medium  can  either  enhance  the  rate  of  C/H2  reaction  or 
retard  the  formation  and  growth  of  the  laminar  aromatic  molecules.  In  the  former  case, 
porosity  would  develop  due  to  the  gasification  of  a  fraction  of  the  pyrolytic  carbon  just 
deposited,  while  in  the  latter  case,  smaller  aromatic  molecules  are  deposited  randomly  on 
the  surface  to  form  a  porous  ceubon.  The  presence  of  hydrogen  in  the  deposition  medium 
is  known  to  have  a  dramatic  effect  not  only  on  lowering  the  CVD  rates  (Ref.  12)  but  also 
on  changing  the  properties  of  the  deposit  (Ref.  13). 

Deposits  on  V3G  Carbon  Black 

Now  we  discuss  the  surface  area  of  the  samples  prepared  at  1025  C  by  deposition 
of  pyrolytic  carbon  on  a  V3G  substrate.  In  these  experiments,  a  10%  methane  in  argon  gas 
mixture  was  flowed  above  the  sample  at  150  cc/min.  Dependence  of  surface  area  on  the 
amount  of  deprosit  is  displayed  in  Fig.  23.  As  the  amount  of  deposit  increases  to  15% 
weight  gain,  the  surface  area  increases  and  attains  a  maximum.  This  means  that  with  the 
first  few  percent  of  deposit,  either  the  particles  are  interconnected  and  some  porosity  is 
developed,  or  the  deposits  start  by  forming  small  particles  on  the  top  of  the  large  substrate 
particles.  As  the  deposition  continues  above  15%,  the  pores  are  blocked,  small  particles 
grow  to  larger  ones,  and  the  structure  changes  smoothly  from  loosely  bound  particles  to 
agglomerates  to  larger  "chunks."  With  this  change,  the  surface  area  keeps  decreasing  with 
the  amount  of  deposit.  The  fact  that  above  100%  weight  gain,  the  surface  area  starts 
leveling  off  indicates  that  at  this  level,  the  CVD  reaction  is  taking  place  on  almost  a  flat 
composite  surface  below  which  the  original  particles  of  the  substrate  are  embedded. 
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Figure  22.  Scanning  Electron  Micrographs  of  VSB*32  Fiber  Coated 
at  1273  K  with  33%  Pyrolytic  Carbon:  (a)  and  (c);  Static 
Reactor,  (b)  and  (d);  Flow  Reactor. 


Figure  23.  Surface  Area  of  Carbon-Carbon  Composites  Prepared 
at  1025  C  (Starting  Substrate:  V3G). 


Mechanisms  of  Deposition 

From  the  data  generated  in  static  and  flow  reactors,  the  following  mechanisms  niay 
be  proposed.  In  the  static  reactor  (Fig.  24),  hydrogen  stays  in  deposition  medium,  the  gas 
may  react  with  other  intermediate  gaseous  species,  or  it  may  gasify  the  carbon  deposits.  In 
the  former  case,  the  intermediate  species  will  not  have  enough  chance  to  grow  in  size.  As  a 
result,  small  grains  will  deposit  randomly  on  the  substrate.  Further,  the  reaction  between 
hydrogen  and  carbons  could  be  significant  at  1000  C;  thus  the  carbon  deposit  could  be 
gasifying  during  the  course  of  deposition.  Obviously  the  net  result  will  depend  on  how 
fast  the  carbon  is  laid  down  and  how  fast  it  is  gasified.  Apparently,  under  the  present 
experimental  conditions,  the  rate  of  gasification  is  not  as  high  as  that  of  deposition  and  the 
overall  net  observed  effect  is  a  weight  gain.  With  either  explanation,  the  end  product  is 
somewhat  porous. 

In  the  flow  reactor  (Fig.  25),  hydrogen  does  not  exist  at  high  levels  because  it  is 
instantaneously  removed  from  the  medium.  Therefore,  the  intermediate  species  will  have  a 
good  chance  to  grow  in  size  and  large  planar  molecules  will  deposit  on  the  surface.  Since 
hydrogen  is  not  present  in  the  medium,  the  carbon  deposits  will  not  gasify  and  their 
structure  remains  intact.  In  other  words,  the  large  planar  molecules,  which  are  formed  in 
the  gas  phase,  are  directly  deposited  on  the  substrate  surface  without  any  further 
disturbance.  This  will  yield  a  somewhat  nonporous  deposit. 


GAS-BORN  RADICALS 


CARBON  FIBER  POROUS  DEPOSIT 

AS  RECEIVED  ACTI^  CENTER  ON  FIBER 


Figure  24.  Proposed  Mechanism  of  CVD  in  Static  Reactor. 
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Figure  25.  Proposed  Mechanism  of  CVD  in  Flow  Reactor. 


CONCLUSIONS  AND  RECOMMENDATIONS 

1 .  Cracking  of  methane  over  pitch  carbon  fiber  surface  is  sensitive  to  the  type  of  reactor 
used.  Under  similar  experimental  conditions  (sample  temperature  and  starting 
concentration  of  methane),  the  CVD  rate  and  yield  in  a  flow  reactor  are  substantially  higher 
than  in  a  static  reactor.  For  example,  at  1000  C  and  methane  partial  pressure  of  76  Torr, 
the  flow  system  enhances  the  rate  of  CVD  by  a  factor  of  5.  This  may  be  attributed,  in  part, 
to  the  removal  of  some  products  (H2)  from  the  reaction  medium  and  elimination  of  C/H2 
gasification  reaction. 

2.  For  pyrolytic  carbon  deposition  on  pitch  fiber,  the  activation  energy  between  1000  and 
1 100  C  is  8S-101  kcalAnole  depending  on  methane  ccmcentration. 

3.  The  presence  of  hydrogen  retards  the  rate  of  reaction,  changes  the  mechanism  of 
deposition,  and  affects  the  properties  of  the  end  product. 

4.  In  the  flow  reactor,  the  reaction  is  almost  first  order  with  respect  to  the  partial  pressure 
of  methane. 

5.  Between  1000  and  1075  C,  the  deposition  of  pyrolytic  carbon  over  the  surface  of  non- 
porous  carbons  under  flow  conditions  is  not  only  sensitive  to  the  experimental  parameters 
of  the  reaction  but  also  to  the  nature  of  the  carbon  substrate  under  consideration.  If  the 
carbon  substrate  has  a  small  surface  area,  the  rate  controlling  step  is  the  dissociation  of 
methane  in  the  gas  phase,  i.e.,  the  cleavage  of  C-H  bonds.  On  the  other  hand,  if  the 
carbon  has  a  large  surface  area  of  60  m^/g  or  above,  the  dissociation  and  deposition  occur 
directly  on  the  s^ace  of  the  substrate. 

6.  A  model  has  been  proposed  for  the  orientation  of  the  crystallites  in  a  cross-section  of  the 
graphitized  pitch  fiber  (Fig.  10).  The  outer  crystallites,  i.e.,  in  Region  I  (up  to  25%  B.O. 


or  above  0.85  fiber  diameter)  are  oriented  in  the  circumferential  direction.  In  Region  II,  the 
crystallites  start  changing  direction  until  Region  III  is  reached  where  they  are  essentially 
oriented  in  the  radial  direction. 

7.  To  use  the  CVD  process  for  preparing  C-C  composites,  the  following  recommendation 
may  be  given.  It  is  recalled  from  previous  sections  that  the  deposits  on  the  pitch  carbon 
fiber  under  static  conditions  are  more  porous  than  under  flow  conditions.  In  other  words, 
the  deposits  of  the  static  reactor  have  more  surface  heterogeneity  than  those  of  the  flow- 
reactor.  A  heterogeneous  surface  is  more  desirable  for  improving  the  interaction  between  a 
matrix  and  a  fiber  surface  during  the  preparation  of  composites.  Since  the  static  reactor 
deposits  are  rich  in  hydrogen,  formation  of  more  function^  groups  between  the  matrix  and 
the  deposits  will  occur  and  would  ultimately  lead  to  better  mechanical  properties  of  the 
composites.  In  addition,  the  improvement  in  mechanical  properties  will  take  place  as  a 
result  of  the  enhanced  surface  area  available  for  direct  contact  with  the  matrix,  as  a  result  of 
the  introduction  of  pores  which  improve  the  mechanical  interlock  with  the  matrix,  and  as  a 
result  of  higher  population  of  hydrogen  functional  groups,  which  enhances  the  number  of 
chemical  bonds.  On  the  other  hand,  the  deposits  formed  in  the  tlo’’'  actor  (i.e.,  with  a 
low  surface  area  and  insignificant  porosity)  have  more  desirable  properties  for  the  surface 
of  the  final  end  product.  Perhaps  the  most  reasonable  approach  for  preparing  an  acceptable 
composite,  via  pyrolytic  carbon  deposition  on  an  as-received  fiber  or  fabric,  is  to  use  a 
cyclic  combination  of  both  systems,  i.e.,  to  deposit  successive  pyrolytic  carbon  layers 
under  alternating  static  and  flow  conditions.  TTie  first  layer  should  be  deposited  under 
static  conditions  so  that  its  surface  can  be  used  to  improve  the  adhesion  with  the  second 
layer  deposited  under  flow  conditions.  The  two  successive  stepjs  are  then  continued  in  this 
manner  until  the  required  composite  is  made.  It  is  recommended  that  the  final  cycle  has  to 
be  pjerfoimed  under  flow  conditions  so  that  the  last  layer  can  block  the  residu^  porosity 
develop)ed  in  the  previous  cycles  and  deactivate  the  final  external  surface  of  the  composite. 
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